A B S T R A C T The left ventricular response to severe exercise was studied by telemetering direct measurements of left ventricular diameter (D) and pressure (P) and aortic blood flow from healthy dogs running at speeds up to 30 mph in the field. Severe exercise increased cardiac output from 101 to 478 ml/kg per min, heart rate from 95 to 297 beats/min, stroke volume from 31 to 44 ml, left ventricular isolength (iso) systolic pressure from 120 to 186 mm Hg, left ventricular end diastolic pressure from 6 to 18 mm Hg, and left ventricular end diastolic diameter from 58.9 to 60.1 mm, while end systolic diameter decreased from 53.0 to 52.2 mm. Two indices of myocardial contractility, (dP/dt)/P increased from 37 to 92 sec1, while dD/dt, the velocity of myocardial fiber shortening at isolength, rose from 54 to 119 mm/sec. All of these changes were statistically significant. When, in resting dogs, heart rate was first raised to exercise levels by electrical stimulation, severe exercise subsequently increased left ventricular end diastolic diameter more profoundly, from 55.7 to 59.7 mm, while end systolic diameter remained constant and the increases in left ventricular pressure, (dP/dt)/P and velocityiFo were roughly comparable to those occurring during exercise in spontaneous rhythm. After propranolol, 1.0 mg/kg, severe exercise resulted in significantly smaller increases in cardiac output (from 82 to 240 ml/kg), in heart rate (from 87 to 186 beats/ min), in left ventricular pressuret.. (from 122 to 150 mm Hg), in (dP/dt)/P (from 32 to 44 sec-'), in velocityi.o (from 47 to 59 mm/sec), and in slightly greater increases in end diastolic diameter, from 59.8 to 62.0 mm
INTRODUCTION
It is well established that the primary cardiovascular adjustment to exercise involves an increase in cardiac output, but the manner in which the left ventricle augments its output during severe muscular exertion remains a fundamental cardiovascular physiological question. Earlier cardiovascular physiologists, influenced by Starling's Linacre lecture on the "Law of the Heart" (1), held that increases in stroke volume mediated by an increase in end diastolic myocardial fiber length (FrankStarling mechanism) were essential to the cardiac adjustment to muscular work (2) (3) (4) (5) (6) (7) (8) . The current concepts regarding the interrelationships among heart rate, stroke volume, and ventricular end diastolic size during exercise remain controversial due to the fact that most studies in which ventricular dimernsions were measured found no change or actually a decrease in end diastolic size during exercise (8) (9) (10) (11) (12) (13) (14) (15) (16) . The possibility exists that the intensity of exercise induced by previous studies in which left ven-tricular dimensions were measured in experimental animals (9) (10) (11) or man (8, (12) (13) (14) (15) (16) was not maximal and that the Frank-Starling mechanism does play a role in the response to severe exertion.
The present study was designed to determine the extent to which the Frank-Starling mechanism is utilized during near maximal exercise in normal, healthy dogs. This was accomplished by recording radiotelemetered measurements of left ventricular pressure and dimensions from normal unrestrained dogs, as they ran spontaneously in the field at speeds exceeding 20 and up to 30 mph. These experiments were designed to assess the extent to which near maximal exercise: (1) invokes increases in (a) end diastolic myocardial fiber length and (b) stroke volume; (2) increases the myocardial contractile state, and (3) is dependent on (a) tachycardia and (b) beta adrenergic activation.
METHODS
15 mongrel dogs, weighing between 25 and 33 kg were anesthetized with Na pentobarbital, 30 mg/kg, i.v. Through a thoracotomy in the fifth left intercostal space, miniature pressure gauges 1 were implanted within the left ventricle through a stab wound in the apex (13 dogs) . In 10 of these dogs opposing ultrasonic diameter transducers2 were sutured to the epicardium of the anterior and posterior walls of the left ventricle (seven dogs) or implanted through stab wounds on the endocardial surfaces (three dogs), while stimulator electrodes were sutured to the left atrium (10 dogs). Electromagnetic flow probes3 were placed around the ascending aorta (five dogs); three of these dogs also had miniature pressure gauges in the left ventricle.
The miniature left ventricular gauges (17) were calibrated in vivo against a calibrated Statham P23 Db strain gauge manometer.' At autopsy their position within the ventricular cavity was confirmed. An improved ultrasonic transit time dimension gauge was used to measure left ventricular diameter.2 Its principle of operation is similar to that of other ultrasonic gauges described previously (18, 19) ; it measures the transit time of acoustic impulses traveling at the sonic velocity of approximately 1.5 X 106 mm/sec between the 5 or 3 MHz piezoelectric crystals sutured to the left ventricular epicardium or endocardium at opposing sites. It was calibrated by substituting signals of known time duration from a pulse generator which was referenced to a quartz crystal controlled oscillator frequency. A voltage proportional to transit time was recorded and calibrated in terms of crystal separation. In this manner a measure of the external or internal diameter of the left ventricle was continuously recorded. At a constant temperature the drift of the instrument is less than 0.15 mm/hr, and its frequency response is flat to 60 Hz. Since the diameter gauge was insulated by foam rubber and carried by the animal in saddle bags, drift due to temperature changes during exercise was not considered to be significant. (21) (22) (23) .
The experiments were conducted 3 wk to 3 months postoperatively, when the dogs had recovered from operation and were again vigorous and healthy. While the dogs were reclining and then standing quietly, control records of left ventricular pressure (P ) ,6 diameter (D), the time rate of change of diameter (dD/dt), i.e., the velocity of myocardial slhortening, the rate of change of pressure (dP/dt), and heart rate were obtained. The dogs were taken to isolated roads where the mobile unit carrying the electronic recording equipment then drove off. The untethered dogs ran behind the van at speeds of 15-30 mph over level and graded roads for distances averaging 1.5 miles and ranging up to 6 miles. The normal dogs exercised also (a) while their atria were stimulated electrically' at an average frequency of 296 beats/min, the heart rate which they had previously attained spontaneously during exercise, and (b) after beta receptor blockade with propranolol, 1.0 mg/kg intravenously. Duplicate or separate experiments were conducted either on separate days or after sufficient time for full recovery on the same day, e.g., 2-4 hr later.
The level of exercise attained by the normal dogs with or without electrical stimulation of the atria was similar, but the level of exercise attained by the dogs after beta receptor blockade, was on the average lower, i.e. 14 mph. velocity relations were assessed by determining their effects on the velocity (V) of shortening and intraventricular pressure (P) at an identical ventricular diameter (D) (isolength point), by the technique described in detail previously (24) (25) (26) . All isolength points were obtained during the first one-third of ejection. In addition, the effects on peak dP/dt and the quotient of dP/dt and developed pressure (left ventricular minus end diastolic pressure), i.e., (dP/dt)/P, were examined. The same level of pressure which occurred during isometric contraction, before and after each intervention and ranged from 40 to 80 mm Hg, was used for this calculation and dP/dt and pressure were determined at that level of pressure. This technique for evaluating the myocardial contractile state has also been described in detail previously (24, 25, 27, 28) .
RESULTS

Exercise during spontaneous rhythm
Response to standing at rest. When dogs arose to a standing position cardiac output increased slightly, from 90±3 (mean +SEM) to 101±3 ml/kg per min, as did heart rate, from 73±3 to 95±3 beats/min, while stroke volume decreased slightly, from 35+2 to 31±2 ml. These changes were all significant (P < 0.05), but no significant change occurred in systolic left ventricular pressure. End diastolic pressure fell from 8±1 to 6±1 mm Hg, as did epicardial end diastolic diameter, from 60.5±1.3 to 58.9±1.1 mm, and end systolic diameter, from 53.3±0.9 to 53.0±0.8 mm; internal diastolic and systolic diameters decreased by an average of 1.8 and 0.5 mm, respectively; peak dP/dt rose from 3230±210 to 3520±190 mm Hg/ sec, (dP/dt)/P increased from 35±3 to 37±3 sec', and V,.o from 50±2 to 54±2 mm/sec. These changes were all statistically significant (P < 0.05). Since this change in posture caused significant alterations in ventricular dimensions in all dogs, the effects of exercise and the interventions were all referenced to control observations made in the standing position.
Response to exercise. In the five dogs in which it was measured, exercise caused cardiac output to increase to 478±31 ml/kg per min, and stroke volume to 44±2 ml (Fig. 1) . In all 15 dogs heart rate increased abruptly, to an average of 297±5 beats/mim and remained elevated for as long as the dogs ran at full speed (Figs. 1, 2 52 .2±0.9 mm (Fig. 2 ).
In the three dogs in which it was measured, endocardial left ventricular diameters showed similar responses (Fig. 3) ; end diastolic diameter increased from 38.7 to 40.2 mm during steady-state severe exercise. Thus, in all 10 dogs in which it was measured, end diastolic diameter increased during near maximal exercise. This increase occurred in animals with relatively low heart rates at rest (60-80 beats/min) as well as those with heart rates at rest of over 100 beats/min. Peak dP/dt increased to 12,620±620 mm Hg/sec while (dP/dt)/P rose to 92±6 sec' and velocityi.. to 119±6 mm sec. Thus, in addition to profound increases in heart rate, cardiac output and contractility, severe exercise caused significant increases in end diastolic dimensions and stroke volume.
Exercise with heart rate controlled 
Peak dP/dt (mm Hg/sec-1)
Spontaneous rhythm (n = 12) Paced (n = 7) Beta block (n = 7) (dP/dt)/P (sec-)
Spontaneous rhythm (n = 12) Paced (n = 7) Beta block (n = 7) LV velocity (mm/sec) (peak/iso) Spontaneous rhythm (n = 7) Paced (n = 7) Beta block (n = 7) Response to exercise with heart rate constant. In seven cardia's most important effects are in modifying the dogs studied during exercise with heart rate constant left changes in left ventricular dimensions which occur. ventricular pressures and diameters, peak dP/dt, (dP/ Exercise after beta receptor blockade dt)/P, and peak velocity rose to nearly the same extent as they did during control (Table I) , but the increases in Effects of beta receptor blockade at rest. Propranolol, end diastolic diameter and pressure were much greater 1.0 mg/kg, in four standing dogs decreased cardiac out- (Fig. 4) pressure and velocity, peak dP/dt and (dP/dt)/P which occurred during the control exercise period were prevented to an even greater extent (Fig. 5) .
The changes in ventricular dimensions were also significantly different from normal; the decrease in end systolic diameter did not occur (P < 0.01) and end diastolic diameter increased by a slightly greater amount (P < 0.02) with exercise after propranolol as compared with the unblocked state.
DISCUSSION
The manner in which the heart adapts to the augmented demands placed on it by the stress of severe exercise has been controversial and the subject of intense interest for half a century. In particular, the role played by the Frank-Starling mechanism, i.e., an increase in end diastolic myocardial fiber length, in mediating the increased contractile response of the heart, has been subject to careful scrutiny. This mechanism which was at one time considered to be of paramount importance (1) (2) (3) (4) (5) , has more recently been demonstrated not to play a significant role, either in experimental animals during treadmill exercise (9-11) or in man (8, (12) (13) (14) (15) (16) 29) .
However, the level of exercise in previous studies was not maximal, and it remained to be demonstrated whether increases in end diastolic size could be elicited with more severe exertion. The capability for telemetry of measurements of left ventricular pressure, dimensions, and aortic blood flow permit an assessment of the left ventricular response to spontaneous severe exercise without the restraining or excitatory influences of the laboratory environment, leashes, tethers, or treadmills.
The present study indicates that the left ventricular response to severe exercise in healthy dogs running at speeds up to 30 mph involves very profound increases in heart rate (often exceeding 300 beats/min) and increases in contractility, (dP/dt)/P increasing to 2.5 times and isolength velocity increasing to 2.2 times control levels. These values probably represent physiological maxima in conscious dogs, since maximally tolerable doses of isoproterenol or norepinephrine do not produce such marked responses (25, 30) .
Although it is generally believed that end diastolic size must increase during severe exertion since large increases in stroke volume during erect exercise have been noted in man (7, 8, (31) (32) (33) (34) , this conclusion has not been substantiated by direct measurement of left ventricular dimensions during exercise. The results from studies utilizing mild or moderate exercise have been conflicting; relatively few indicated that left ventricular size increased (35, 36) , while the majority found that end diastolic size either remains constant or actually decreases (8) (9) (10) (11) (12) (13) (14) (15) (16) (Fig. 3) . In all dogs in the present study during severe exertion, reduction in end systolic diam- eter and increases in end diastolic diameter and pressure were noted; relative changes were even more prominent when endocardial rather than epicardial dimensions were measured. Thus, the Frank-Starling mechanism remains a mechanism by which the heart can augment its performance during severe exertion. This mechanism has also been demonstrated in unanesthetized dogs while swimming (37) . It Cardiac Adjustments to Severe Exercise 3057 Inn} T changes on cardiac size, especially in the response to exercise, previously emphasized by Chapman, Fisher, and Sproule in man (7), is again demonstrated. Since myocardial fiber shortening per stroke increases during exercise, in part due to greater diastolic filling (greater end diastolic dimensions) and in part due to more complete systolic ejection (lower end systolic dimensions), it can be deduced that stroke volume increased substantially as well. Estimates of stroke volume calculated from the dimensional changes indicated that roughly a 50% increase in stroke volume occurred. It is recognized that extrapolations from a transverse diameter measurement to volume calculations can be hazardous. It therefore was important to confirm these calculations by direct measurement of aortic blood flow which was accomplished in five dogs, and indicated that during severe exercise cardiac output rose 362% above control and stroke volume 48% above control. It must be pointed out that these relative increases in stroke volume were less when they were calculated on the basis of baseline, resting values in the reclining rather than the standing position; however, the increase in stroke volume was significant using either baseline value. The role played by stroke volume in the response to exercise has been controversial in that studies in man indicated that stroke volume remained relatively constant during supine exercise (12, 29, (38) (39) (40) , but, as first pointed out by Mitchell, Sproule, and Chapman (31) and Chapman et al. (7, 8) was utilized during severe exertion in erect man (7, 8, (31) (32) (33) (34) . Studies in dogs utilizing indirect techniques indicated either little change (41) or increases in stroke volume (35, 36, 42, 43) , but when aortic root blood flow was measured directly with ultrasonic or electromagnetic flowmeters it was not found to increase (9) (10) (11) 44) .
However, the present study, also employing electromagnetic flowmeters to measure stroke volume directly, indicates that it contributes significantly to the increases in cardiac output during severe exertion.
To dissect out the contribution of tachycardia to the exercise response, experiments were repeated after atrial rate had been elevated in resting dogs and held constant at levels previously achieved during exercise. In this situation increases in pressure and contractility occurred during exercise, which were sixnilar to those occurring in unpaced dogs, indicating that simple tachycardia contributes relatively little to the inotropic response to exercise, even less than has previously been found in man (12) . These findings substantiate those from another study from our laboratory which indicate that tachycardia has little inotropic effect in conscious dogs (45) , although it produces considerable inotropic effects in anesthetized preparations and in isolated hearts and cardiac strips (45, 46) . In resting dogs, however, tachycardia produced significant reductions in ventricular dimensions.
Hence, the major difference in the response to normal exercise, in comparison to exercise when heart rate was held constant at high levels, was the effect on left ventricular dimensions; far greater increases in end diastolic size were observed during exercise when heart rate was constant, indicating that the tachycardia which occurs during exercise counteracts the increase in dimensions which would otherwise occur, and might be considered to mask the contribution of the Frank-Starling mechanism. When exercise was carried out either in the presence of beta adrenergic blockade or at a constant heart rate, end systolic size failed to decrease during exercise, even though in one instance (constant heart rate), contractility increased, and in the other instance (beta blockade), heart rate doubled while the increases in contractility were limited; both of these influences (tachycardia and increased contractility) would, by themselves, tend to reduce end systolic ventricular dimensions. Thus, the reduction in end systolic size that occurs with severe exercise appears to be dependent on a combination of the inotropic and chronotropic responses that are associated with severe exercise. When the decreases in end systolic dimensions did not occur after either pacing or beta blockade, the increases in end diastolic size during exercise were far greater.
Beta adrenergic receptor blockade with propranolol imposed significant limitations on the dogs' performance during exercise. The increases in contractility, as reflected by the force-velocity relationship and by (dP/ dt)/P were largely prevented. Furthermore, heart rate increased to an average of only 187 beats/min as compared with 296 beats/min in the same dogs during exercise before blockade. Thus, a large component of the tachycardia during severe exercise can be attributed to sympathetic activation. This finding is in accord with early studies on the sympathetic control of heart rate during exercise (47, 48) , but is not consistent with the findings from studies in dogs with cardiac denervation (49, 50) or those of Donald, Ferguson, and Milburn in racing greyhounds after beta receptor blockade (51) . It is conceivable that the denervated hearts (49, 50) were supersensitive to circulating and intrinsic norepinephrine (52) while in the propranolol-treated normal dogs a complete blockade was not obtained (51) . On the other hand, since the dogs in the present study ran at lesser speeds on the average after propranolol than during the control period, it could be argued that the level of exercise achieved was not maximal. However, this explanation appears less likely since several of these beta-blocked dogs ran to the point of complete exhaustion and collapse; one of these attained a speed of 30 mph prior to collapse while heart rate increased to only 182 beats/min.
The blunted tachycardiac response during exercise in the animals after beta blockade was associated with a sig-nificantly reduced (P < 0.01) increase in stroke volume, reflected in ventricular diameter measurements or measured by means of electromagnetic blood flowmeters on the aorta. Thus, propranolol interferes seriously with the increase in cardiac output which occurs during exercise; this results from reductions in augmentations both of heart rate and stroke volume. The limited increases in stroke volume that occurred after beta receptor blockade suggest that the Frank-Starling mechanism is relatively ineffective in maintaining a normal cardiac output during stress in the absence of sympathetic stimulation. Although slightly greater increases in end diastolic size occurred during exercise after propranolol, these were not sufficient to augment stroke volume normally. Thus, beta receptor activation is responsible for approximately half of the tachycardia of exercise and for a greater fraction of the cardiac output, pressure, and contractility developed by the left ventricle during severe exercise. The Frank-Starling mechanism, although utilized to a greater extent during exercise carried out in the presence of beta blockade, could not increase stroke volume sufficiently to compensate for the lack of adrenergic activation. This finding is consistent with the dogs' reduced performance during exercise and their appearance of greater exhaustion and imminent collapse after exercise. However, this finding is not consistent with the findings of Shepherd and Donald who observed that the capability for short-term exercise was not seriously impaired by cardiac denervation (49, 50) . However, as mentioned above, the denervated hearts may have been supersensitive to the effects of circulating or intrinsic cardiac catecholamines (52), thereby stimulating ventricular performance on that basis.
In conclusion, the observed increase in cardiac output developed by the normal dog heart during maximal exercise was primarily due to increases in cardiac rate, but stroke volume contributes substantially as well. The increases in stroke volume are due to near maximal increases in contractility, while an increase in end diastolic myocardial fiber length, i.e., the Frank-Starling mechanism, also plays a role. When heart rate was maintained constant, the increases in end diastolic size during exercise were far greater than when it was allowed to vary, but the increases in contractility were similar. Sympathetic activation is necessary for both the normal tachycardia and stroke volume responses; although the Frank-Starling mechanism was utilized to a greater extent during exercise after propranolol, this mechanism did not stimulate ventricular performance sufficiently to augment stroke volume and cardiac output normally in the absence of sympathetic activation.
